Abstract-The best conditions for the development of wind farms are in remote, open areas with low population density. The transmission system in such areas might not be dimensioned to accommodate additional large-scale power infeed. Furthermore a part of the existing transmission capacity might already be reserved for conventional power plants situated in the same area. In this paper four alternatives for large-scale wind power integration in power systems with transmission bottlenecks are considered: revision of the methods for calculation of available transmission capacity, transmission network reinforcement, excess wind energy curtailments and excess wind energy storage in hydro reservoirs. The paper provides a discussion on each of the four aforementioned alternatives based on the existing research.
I. INTRODUCTION
T HE best conditions for the development of wind farms are in remote, open areas with low population density. The transmission system in such areas might not be dimensioned to accommodate additional large-scale power infeed. Furthermore a part of the existing transmission capacity might already be reserved for conventional power plants situated in the same area.
It should, however, be pointed out that insufficient export capability problem would emerge for any type of new generation, planned in similar conditions, although wind power has some special features that should be considered when solving this problem. Wind power is an intermittent, variable power output technology, which cannot be easily predicted and controlled. The wind farm full load hours are only 2000-4000 hours per year. Wind speed usually follows seasonal variations [1] and the real-time wind speed measurements (and sometimes even temperature measurements) are available from the wind farm.
In this paper four alternatives for large-scale wind power integration in power systems with transmission bottlenecks are discussed, Fig. 1 .
One possibility is to revise the methods for calculation of available transmission capacity (TC). For example to use dynamic estimation of the TC, thus, higher transmission could be allowed in some periods, see [2] , [3] , [4] , which is particulary advantageous for wind power integration, as wind speed measurements from the wind farm (WF) can be used for estimation of the TC of short transmission lines. In [5] it is shown that methods and assumptions for calculation of available transmission capacity differ between transmission system operators (TSOs) and even harmonization of these methods could result in an increase of cross boarder TC. Wind power integration itself may impact the TC and also affect the methods for determination of TC.
Another solution for large-scale integration of wind power in such areas is the network reinforcement (e.g., new transmission lines, shunt reactive power compensation, series compensation, etc.). This alternative, however, may be expensive and time consuming. Wind power production depends on the wind speed, moreover, wind power production peaks do not necessarily occur during the periods with insufficient transmission capacity. Therefore reinforcing a transmission network in order to remove a bottleneck completely is often not economically justified.
Wind energy curtailments during congestion situations is then one of the solutions for large-scale wind power integration with less of nil grid reinforcement. This solution has been suggested in, e.g., [6] and some grid connection requirements for wind turbine generators (WTGs).
Instead of energy curtailment, the storage of excess wind energy during the periods with insufficient transmission capacity should also be considered. Pumped hydro storage or battery storage for large scale wind farms is rather expensive, on the other hand existing conventional power plants capable of fast production control (e.g., hydro power plants or gas fired power plants) situated in the same area may be used for this purpose.
This paper provides a discussion on each of the four aforementioned alternatives based on the existing research.
II. TRANSMISSION LIMITS
From a technical point of view power transmission in a system may be subjected to the thermal limits of the conductors and associated equipment as well as to limits defined by voltage and rotor angle stability considerations. Thermal limits are assigned to each separate transmission line and the respective equipment. Limits arising from voltage and rotor angle stability considerations are always studied by taking into account the operation of the entire interconnected power system or a part of it. However, apart from technical limitations transmission capacity is further limited by the number of factors discussed in the next subsection.
A. Determination of cross-border TC
To provide consistent capacity values, European TSOs are publishing net transmission capacities (NTC) twice a year. For each border or set of borders, the NTC is determined individually by all adjacent countries and, in case of different results, negotiated among involved TSOs.
In [5] the approaches of TSOs to determine the transmission capacity between EU member states, Norway and Switzerland were studied. According to this study the methods applied by TSOs follow the same general pattern. The interpretations and definitions are, however different for different TSOs. For example NTC depends on assumptions of the base case load flow. The base scenario may change in next calculation cycle and influence NTC even if technical parameters remain constant. Modeling of generation increase/decrease, with regard to base case load flow, also differs among TSOs.
When determining limits of feasible network operation, some TSOs consider a differentiation of thermal limits throughout the year and throughout their areas of responsibility (e.g., Swedish TSO SvK, Finnish Finngrid, Danish Energinet.dk and Norvegian Statnet). Others apply probabilistic model based on meteorological statistics (e.g., TSOs in Belgium and Great Britain). Some TSOs assume constant ambient conditions throughout the entire year (e.g., Energinet.dk, German TSOs).
The maximum allowed continuous conductor temperature differs largely from one TSO to the other with values from 5 0
• C to 10 0 • C. Some TSOs allow higher continuous current limits in ( n − 1) contingency situations, i.e., outage of a single network element. However, the percentage of accepted overloads is different for different TSOs. Many TSOs tolerate higher current limits in contingency situations only when the loading can be decreased by means of TSO actions bellow normal limits within short time (10-30 min) .
Voltage stability and rotor angle stability are assessed for normal system operation as well as operation after ( n − 1) contingencies that are considered relevant for security assessment. Some TSOs investigate not only single failures, but also certain failure combinations. Nordic TSOs (Fingrid, Stanett, Svenska Kraftnät) consider busbar failures as the severity of possible consequences endangers the security of the system.
The methods for uncertainty assessment as well as sources of uncertainties considered are also different between TSOs.
Apart from determination of NTC twice a year, available transmission capacity (ATC) is determined on weekly or daily basis. Available transmission capacity is calculated as a difference between NTC and already allocated transmission capacity (AAC) due to bilateral contracts [7] , Fig. 2 . The pattern for NTC determination is the same as before, although base case is now reflecting a load flow forecast based on daybefore snapshot and sometimes also weather forecast. System models are updated according to known changes in topology and switching status. Weather forecasts are used by some TSOs to allow higher thermal transmission limits. As there are also less uncertainties in short term horizon, the actual net transmission capacity can vary substantially from the NTC values calculated twice a year. 
B. Determination of TC within the country
For the area of responsibility of each TSO complete system models are used for assessment of the available transmission capacity. The methods are similar for all TSOs but again the security standards and base scenario assumptions may differ.
Thermal limits are evaluated for each particular line depending on material, age, geometry, the heights of the towers, the security standards imposing limitations on clearance to ground etc. There can be different policies regarding tolerance of overloads during the contingencies.
Different scenarios are elaborated for load flow calculations that are used for voltage stability assessment at normal operation and after most frequent and severe contingencies. The selection of failures to be assessed is based on implicit distinction between "frequent" and "rare" failure and between "severe" and "minor" consequences [5] . As discussed in the previous subsection the types of considered contingencies are different.
Rotor angle stability is investigated by performing dynamic simulations of the system during and after the fault. The transmission limits for the power lines are defined by the most severe set of conditions.
Inner transmission limits are taken into account in security assessment for cross-border capacity allocation. The inner transmission limits can put additional limitations on cross border transmission capacity.
Inner transmission limits are also taken into account during system operation (to provide corrective measures in case of congestion: re-dispatch of the generators, switching, load shedding); to prepare technical prerequisites for connection of new generation to the grid, etc.
C. Measures to increase TC
The measures to increase transmission capacity can be summarized in two groups: the "soft" measures and reinforcement measures.
The "soft" measures concern the improvements for the methods of transmission capacity determination and, thus, may result in increase of transmission capacity at relatively low costs, e.g.:
• Determination methods between adjacent TSOs can be harmonized [5] .
• Ambient temperature and wind speed statistics can be considered when determining the transmission capacity.
• Temperature and wind speed forecasts for day-ahead capacity allocation can be used.
• Deterministic ( n − 1) criterion leads under certain conditions to unnecessarily high congestion costs for power producers and for grid operators. On the other hand, during, for example, under unfavorable weather conditions, (n-1) constraints may not provide sufficient security. A novel approach to online security control and operation of transmission systems is suggested by [2] . The approach is based on a probabilistic criterion aiming at the online minimization of total grid operating costs, which are defined as the sum of expected interruption costs and congestion costs during specified periods of operation.
• Temporary overloading after contingencies may be allowed. Depending on ambient temperature, a short-term loading of 30Ű50% in excess of rated capacity is accepted for transformers, breakers and other components without a substantial loss of lifetime [3] • Unjustified, rare, fault considerations can be excluded from the determination of the transmission capacity.
• A probabilistic evaluation of operational uncertainties can be carried out. In this case, risk could be defined as the probability of having to adopt undesired measures during the operational phase multiplied by the costs caused by such measures [5] .
These measures mostly concern cross border transmission capacity however some of them may be applied to increase the TC within the country. Extensive use of system protection schemes, especially automatic control actions following critical line outages, can also be used to relax transmission congestion without substantial investments. The main purpose of these schemes would be primarily to enable increased transmission limits not only to reduce consequences of disturbance or interruptions [3] .
The reinforcement measures to increase transmission capacity are discussed bellow.
If thermal current limit is the critical factor, reinforcement measures (apart from the construction of new lines) can either be aimed to increase of the current limits of individual lines and/or associated equipment (e.g., breakers, voltage and current transformers, etc.) or to optimize the distribution of load flows to decrease loading of the critical lines.
To increase current limits of individual lines, the following measures can be applied:
• Determine the dynamic current-carrying capacity rating by means of real-time monitoring of line tension or sag as well as line current and weather conditions. This method reduces the probability of line overheating compared with the case where conservative weather conditions are assumed (wind speed 0.6 m/s; temperature 15 • C), [4] . Shorten insulators.
• Increase the tensile stress of conductors.
• Increase the height of the towers.
• Replace underdimensioned substation equipment.
• Install conductors with higher loadability, where old supporting structures can be reused, [4] . Recently developed high-temperature low-sag conductors may have the same diameter as the original conductors and thus the existing structure may not have to be reinforced. If the associated line equipment limits the capacity it can be replaced by equipment with a higher rating.
The following measures can potentially influence the distribution of load flows [5] : use of phase-shifting transformers, use of series capacitors or series reactors to adjust the impedances of the lines or inclusion of FACTS elements (including DC links) that use power electronics to control voltage, active and reactive power.
In case of voltage limits or when voltage stability is the determining factor for transmission capacity, additional sources of reactive power (shunt capacitors, shunt reactors or FACTS elements) can be installed at critical locations to smoothen the steady state voltage profile and to increase reserves to mitigate voltage stability problems. If voltage instability is caused by power transfer at long distances, series capacitors can be installed to decrease the impedance of the lines. The applicability of the suggested reinforcement measures depends on individual network topology.
One way to increase TC is to convert power lines from HVAC to HVDC. This allows to increase power transmission rating 2-3 times and reduce transmission losses [8] . Depending on the condition of the existing system the cost for conversion from HVAC to HVDC can be from 30% to 50% lower compared to construction of a new transmission line. However the construction of the two converter stations is not included in this figure.
The obvious and effective measure to increase transmission capacity is to build a new transmission line. However this is time consuming (about 5 years) and expensive option. The cost of one new transmission line is approx. 0.4 MEUR/km [9] . Also during the last years due to environmental concern, it is difficult to receive a permission for building new overhead transmission lines.
D. Wind power impact on transmission capacity
When a WF is planned in an area with limited transmission capacity, there exist several important factors that have to be considered in evaluation of WF's power output:
• Wind power production curve provided by manufacturer is applicable for the standard conditions of 15
• C air temperature, 1013 mBar air pressure (0 m above the see level) and 1.225 kg/m 3 air density 1 . In Fig. 3 , power curve for BONUS 600 kW stall regulated turbine is shown. The first power curve is given for standard conditions. At the air density conditions other than standard the power curve 1 is not valid anymore, Fig. 3, curve 2 and 3 . This is because air density is a function of ambient temperature and pressure. In pitch controlled wind turbines this effect is less significant. The wind turbine still reaches the rated power production but at higher wind speed than in the standard conditions. Therefore there will be fewer hours with rated wind power production than in the standard conditions.
• WTGs have low full load hours and the hours with rated power production do not necessarily coincide with peak power transmission in the considered transmission line. Furthermore, not all WTGs within a WF meet same wind speed, thus maximum power production of the WF is less often equal to the sum of rated power productions of each WTG, Fig. 4 , [10] . Due to these reasons there could be just some hours per year, when transmission limit is exceeded because of wind power. The question arises whether it is economic to increase TC to cover all possible situations? As it will be shown further in the thesis sometimes it is more economic to curtail or store excess wind energy during transmission congestion periods. [10] After wind power production is carefully evaluated considering aspects described above, wind power can be treated as any conventional generation in evaluation of thermal limits. Moreover, the wind speed measurements from WF can be used for on-line estimation of current-carrying capacity of the short transmission lines as current-carrying capacity is increasing at high wind speeds. In some areas, where wind speeds are high in winter, the low temperatures also contribute to the increase of current-carrying capacity. This will allow an increase of power transmission. However, the on-line estimation becomes difficult for longer transmission lines. Wind speed and temperature changes considerably with the distance and it would be necessary to have wind speed and temperature measuring equipment in many places along the transmission line. This option would thus become expensive.
The induction generators, mainly used in wind power application, consume reactive power. If no reactive power compensation is provided, this results in lagging power factor at WF connection point. This may decrease the maximum power transfer from WF to the network, set by voltage stability consideration.
Reactive power compensation of WTG is usually provided by shunt capacitor banks, SVC or by controlling AC/DC/AC converter of WTG. Reactive power compensation provided by shunt capacitor banks depends on voltage at the connection point and, therefore, may not be sufficient at lower voltage, which is typical for systems recovering from a fault. However, if continuous reactive power compensation is used (by, e.g., SVC or control of AC/DC/AC converter), wind power does not have an impact on maximum power transfer, set by voltage stability considerations. Moreover, if leading power factor at WF connection point is provided, the maximum power transfer over the considered line could be increased [12] .
During and after the faults in the system, the behavior of wind turbines is different from conventional power plants. Conventional power plants use synchronous generators that are able to continue to operate during severe voltage transients produced by transmission system faults. Earlier, variable speed WTGs were allowed or in some countries even required to disconnect from the grid during a fault in order to protect the converter. If a large amount of wind generation is tripped because of the fault, the negative effects of that fault could be magnified [6] . This may in turn affect transmission capacity in areas with significant amounts of wind power, as a sequence of contingencies would be considered in security assessment instead of one contingency. Fixed speed WTG may, during a fault, consume large amounts of reactive power from the system. This may make a recovery from the fault much slower [11] . This fact could also affect transmission capacity.
In order to ensure the secure operation of power system, the grid codes are elaborated by TSOs. In the grid codes the requirements to, e.g., active power and frequency control, power quality, protection etc. are stated. In the recent years the requirements particulary for WTGs were also created in some countries. If WTGs can comply with these requirements, especially, regarding reactive power compensation, active power reduction and voltage operating range during and after the fault, the impact on transmission limits may be decreased or eliminated.
Integration of large-scale wind power may also have special impact on determination methods of available transmission capacity due to the following reasons:
• The power output of the WF depends on wind speeds, therefore wind forecasts should be used by TSOs to prepare base case for day-ahead NTC calculation and wind speed statistics to prepare base case for determination of NTC twice a year. This could result in higher uncertainties associated with errors in prediction of generation distribution and therefore increase of transmission reliability margin, in other words decrease of net transmission capacity.
• WFs have less developed models of generator characteristics compared to conventional generation. This would make simulation results less reliable, i.e., some TSOs would choose to increase a transmission reliability margin to account for that. Apart from impact on TC determination methods, wind power integration also requires higher investments for some of the measures for increase of TC, e.g., it could be significantly more expensive to provide sophisticated protection schemes for WFs distributed over an area than for conventional generation of equivalent capacity [6] . WF are built in remote areas where necessity for grid reinforcement is higher and more expensive than in areas close to industrial loads, where conventional generation is usually built.
III. WIND ENERGY CURTAILMENTS
The transmission system reinforcement in order to increase transmission capacity may be time-consuming and expensive. Furthermore, under deregulated market conditions it is also not clear how the investments for a new transmission capacity should be divided between TSO, production utilities and distribution companies. Different policies for distribution of wind farm grid connection costs and grid reinforcement costs apply in different countries, see Chapter 18 in [13] for an overview and the examples from Denmark, Sweden, Germany and UK. Some of these policies are ambiguous and it might take additional time to solve the controversies.
Additionally, transmission capacity should not be increased at any cost. The optimal balance should be found between extra benefit and costs for additional transmission capacity. It is obvious that it normally will not be optimal to remove a bottleneck completely. Thus, some other alternatives are necessary to handle the congestion problems and make largescale integration of wind power possible. One possibility is curtailment of excess wind energy, when transmission is congested.
Wind energy curtailments are evaluated as an alternative to grid reinforcement, e.g., in [19] , where this alternative is considered for a particular network during one year in order to show how much automatic generation control for avoiding transmission line overloading can influence annual wind energy output. In [6] as well as in some grid connection requirements, e.g., [14] , [15] , the possibility of wind energy curtailments, particulary in case of congestion problems is mentioned.
The probabilistic methods for estimation of wind energy curtailments is developed in [16] . The estimation methods are based on analysis of statistical data for power transmission through the studied transmission line and wind speed measurements from the actual site. The methods allow to estimate wind energy curtailments for a WF in an area with congestion problems and also assuming some energy price compare the costs for energy curtailments with the costs of necessary transmission system reinforcement. These methods can be used by WF developers at the early stage of pre-feasibility study for the project but when the wind speed measurements are already available or wind speed probability distribution can be estimated, by TSO preparing technical prerequisites for connection of WF to the network or by authorities for evaluation of large-scale wind power integration projects. In [16] the probabilistic methods for estimation of wind energy curtailments are applied to a case study, which has shown that even at hight level of wind power penetration in the congested area it can be more economic to curtail some wind energy than to reinforce the network.
IV. COORDINATION WITH HYDROPOWER
Another alternative to transmission system reinforcement would be to store excess wind energy during the congestion situations and use it later, when congestion is relaxed. A battery storage or pumped hydro storage for large scale wind power is still very expensive. On the other hand existing conventional power plants with possibility of fast production control and sufficient storage capacity (e.g., hydro power plants or gas fired power plants) situated in the same area may be used for this purpose.
The interest for coordination of wind power and hydro power has increased during the last couple of years. It is studied by utilities (e.g. Vattenfall [17] , Hydro-Quebec [18] ) as well as by research organizations (e.g. SINTEF in Norway [19] , [20] , [21] , NTNU in Norway and VTT in Finland [22] , [23] , Universidad Carlos III de Madrid in Spain, [24] ),
The coordination of wind power and hydro power has been studied in connection with several different problems. The research can be divided into two main categories:
1) "Pre-feasibility" studies, where coordination possibility is evaluated for different purposes, using available tools [22] , [23] , [17] , [19] , [20] or developing new evaluation methods [18] , [21] , Publication E CITE; 2) Planning methods that is development of new planning methods for hydro power utility considering coordination with wind power [25] , [26] , [24] , [27] and [28] In [18] the coordination option is considered in generation expansion planning, where two investment possibilities are compared: new hydro power plant vs new wind farm. In [22] , [23] the effect of wind power on the market price is analyzed. The research in [22] , [23] is directed towards assisting hydro power utilities considering investments in wind power.
In [19] and [20] wind energy storage in hydro reservoirs is considered in connection with bottleneck problems in the network. The paper shows to what extent automatic generation control of WF and and HPP for avoiding line overloading may influence the annual energy output of each of these production sources. [21] offers further in-depth evaluation of the coordination possibility. The coordinated operation of several geographically spread wind farms and aggregated hydro power plant (i.e., equivalent of the HPP system, modeled as one HPP) sharing same transmission capacity, is simulated over a period of several years, considering wind and water inflow uncertainty. The simulation uses coordination strategy that maximizes wind power penetration. The paper shows that due to coordination, significantly more wind power can be developed in the studied area.
In [27] and [28] the daily planning algorithm is developed for a conventional multi-reservoir hydro power system coordinated with a wind farm. It considers the uncertainty of the wind power forecast [27] and [28] and the uncertainty of the spot and regulating market prices [28] . Wind power and hydro power are assumed to be owned by different utilities. It is assumed that the wind farm and the HPP system share the same transmission lines, but that the hydro power utility has priority to use the transmission capacity. This assumption is based on the fact that wind farm connection would be rejected if wind energy curtailments are not applied. Thus coordination is necessary in order to minimize wind energy curtailments during congestion situations on the transmission lines. The wind power utility is assumed to be paying the hydro power utility for the coordination service.
In [27] and [28] a hydro power system is assumed to be coordinated with a WF in the following way: for each hour of the coming day, if transmission congestion is expected, the hydro power utility decreases its planned production depending on constraints of the hydro reservoirs. Energy is then retained in the hydro reservoirs and the wind farm can use available transmission capacity. Each MW of stored hydro power corresponds to 1 MW of transmission capacity that is made available for excess wind energy. Stored hydro power can then be used in the hours without congestion.
The planning algorithm was applied to a case study, which has shown that with coordination wind energy curtailments can be reduced by 50% Publication [27] or even 75% [28] . Some wind energy curtailment still prevails due to the technical limitations of the considered hydro power system. Due to coordination between wind power and hydro power available transmission capacity is used more intensively compared to uncoordinated case. The coordination of wind power and hydro power can be mutually beneficial for both the wind power utility and hydro power utility. The suggested payment model brings additional income to hydro power utility and results in savings for wind power utility compared to the uncoordinated case.
V. CONCLUSIONS
The paper discusses four alternatives for integration of wind power in areas with limited transmission capacity. Discussion is based on the existing research. From these works follows that there exist less expensive and sometimes more effective solutions for large scale wind power than transmission network reinforcement. Wind power has an impact on transmission capacity and also on the methods of transmission capacity determination, that has to be taken into, e.g., choosing the measures for network reinforcement.
Instead of transmission system reinforcement excess wind energy curtailments or wind power coordination with hydro power can be applied. The results of the existing research have proven that with this two alternatives can be more cost effective. Coordination with hydro leads to substantial reduction of wind energy curtailments. Hydro power producer can even gain additional profit from the coordination with wind power.
